The presence of fullerene-and nanotube-like elements in carbons prepared from saccharose and anthracene by slow pyrolysis and then heat treated at 1000°C, 1900°C, and 2300°C has been revealed using Raman spectroscopy. High energy X-ray diffraction has been used to examine the effect on these carbons of heat treatment. Tendency to graphitization of the anthracene--based carbon and resistance to graphitization of the saccharose carbon will be considered in the light of the formation of curved graphitic networks and cages. The obtained results lead us to propose a model of the structure of non-graphitizing and graphitizing carbons.
Introduction
About fifty years ago Rosalind Franklin [1] has found a clear distinction between disordered carbons which can be transformed into graphite upon high temperature annealing and those which cannot or can only with difficulty. These carbons are usually produced by controlled pyrolysis of a wide variety of organic precursors ranging from polymers to olive stones. Non-graphitizing carbons exhibit high porosity and hardness. Their internal surface area can be enhanced by activation, i.e. mild oxidation with carbon dioxide or steam. The resulting structures contain many micro-, meso-and macro-pores which make them useful for a wide range of commercial applications. Graphitizing carbons are soft, less porous and can be easily converted into graphite under thermal treatment. Despite many years of studies the question, why certain carbons are graphitizing and others are not, remains unanswered. In the model proposed by Franklin the basic building blocks are domains consisting of a few graphitic layers which are joined together by cross-links. However, the structure of these cross-links is not specified. It has been assumed that crystallite growth in these materials results from rearrangement of (457) the whole domains. In graphitizing carbons the building blocks are approximately parallel tO each other, exhibit a high degree of microtexture and weak cross-linking [2, 3] . Therefore their arrangement can be easily transformed into a system, in which all layers are parallel. On the other hand, in non-graphitizing carbons, the strong cross-linking and random orientation of the basic structural blocks prevent the movement of the whole blocks and the material remains disordered, even at higher temperatures. The presence of sp3 bonded atoms in non-graphitizing carbons has been practically ruled out as inconsistent with experimental data [4] [5] [6] , and see the review paper by Harris [7] .
The discoveries of fullerenes in 1985 [8] and carbon nanotubes in 1991 [9] have prompted several authors to consider the occurrence of non-six membered rings (e.g. pentagons or heptagons) in disordered carbons [7, [10] [11] [12] [13] [14] [15] . It is noteworthy that the formation of curved graphitic network during carbon nucleation has been earlier recognised by Kroto and McKay [16] . In order to answer the title question we have chosen the carbon materials produced from saccharose and anthracene as two extreme examples of non-graphitizing and graphitizing carbons, respectively. Those samples offer the possibility of observation of a system, in which curved fragments are expected besides the graphite-like layers. The evolution of the structure has been examined by X-ray diffraction and curved surface fragments have been detected by the use of the Raman spectroscopy method.
Experiment
The preparation of the carbon materials by the pyrolysis of saccharose and anthracene and subsequent heat treatment was described in our previous paper [17] . The X-ray diffraction intensities were collected on the ID15A high energy beam line at ESRF (Grenoble) in the range of the scattering vector K = 41-sin 0/. (20 is the scattering angle and λ is the wavelength of the incident radiation) extended up to 26 A -1 . The samples were mounted in a 3 mm diameter thin walled Lindemann glass capillary and then installed on the diffractometer axis. The intensity from the empty capillary was also measured and used to correct the raw data for the capillary scattering. Then the data were corrected for polarisation (the incident beam is polarised to about 95%), absorption and Compton scattering. In a high K-range square of the atomic scattering factor approaches zero and the whole measured intensity is due to incoherent scattering. Therefore the tabulated values of the Compton intensity can be used for normalisation of the corrected data. Raman spectra were recorded at ambient conditions in a back-scattering geometry using a Raman microspectrometer and an argon laser as the excitation source. The 457.2 nm, 476.5 nm, 488.0 nm, and 514.3 nm laser excitation wavelengths were used in the present work. The Raman measurements were described in detail in our previous paper [17] .
Scattering formalism
For disordered and polycrystalline materials the diffraction pattern arises from the coherent interference of scattered waves from distributed atoms as scat-tering centres. In the case of identical atoms and powdered samples the structure factor S(K) per atom averaged over all orientations can be written as where I(K) is the coherent intensity, f(K) is the atomic scattering factor for carbon and rij denotes the distance between i-th and j-th atom. The scattering data can be converted to real space by the inverse Fourier transform yielding the reduced radial distribution function ( R . R D F where p0 is the number density and W(K) is the window function. In the present work W(K) = sin(πK/Km ax ) /(πK/Kmax) was taken for computations.
Data interpretation

X-ray scattering
The scattering factors, calculated according to Eq. (1), are shown in Figs. 1 and 2 together with the graphite data for comparison. Beyond the 22 A-1 limit S(K) consists mainly of high frequency noises and this value was taken for computations as Kmax. In the 16-22 A-1 region all the S(K) data sets oscillate around the unity line which indicates that there are no significant normalisation problems. For both carbons annealed at 1000°C, the diffraction patterns are characteristic of the short range features in the disordered turbostratic carbon, in which graphene sheets are stacked without spatial correlations [18] . All diffraction peaks are of the (002) and (ħk0) type [19] . The first diffraction peak for the anthracene carbon, appearing at 1.813 A -1 , is higher than that of the saccharose carbon, observed at 1.675 A -1 , which suggests that in the anthracene sample the number of the graphene layers is greater when compared with the saccharose one. A close examination of the first peak position for the saccharose-based carbon leads to the conclusion that it is shifted towards a smaller K value considered in relation to graphite. The values of the first peak position (K,) and the interplanar spacing (dhkl ), estimated using the Bragg equation, are listed in the Table. The value 3.75 A, obtained for the saccharose carbon is significantly greater than that of graphite (the (002) peak position is 1.875 A-1 and the resulting value of the interplanar spacing is 3.35 A). However, it should be remembered that the Bragg equation is not strictly applicable for the case of small and disordered crystallites and the position of the very broad first peak can be determined only with low precision. At higher temperatures the interplanar spacings are typical of the turbostratic carbons. For the anthracene carbon at 1000°C d is in the range characteristic of the turbostratic carbon and at higher temperatures approaches the value found for graphite. Comparison of the whole diffraction patterns of the investigated carbons and graphite clearly shows that the anthracene carbon transforms into graphite upon high temperature heat treatment while the saccharose carbon remains highly disordered, even at 2300°C. An analysis of the experimental data with graphite and not all graphite peaks are reproduced in the diffraction pattern of the saccharose carbon. This result clearly indicates that carbon does not convert into graphite, even at so high temperatures, and remains highly disordered. Now the question arises: why is the anthracene carbon graphitizing and the saccharose carbon is not? In the next section we will try to explain different behaviour of the carbons upon annealing using the Raman spectroscopy technique. 
Raman spectroscopy
In order to address the above question we have applied the Raman scattering method in a low frequency range using the laser wavelength of 488.0 nm. A single-crystal graphite exhibits the D4/6h symmetry and the zone-centre modes can be decomposed into the following irreducible representation: Γ = A2,, + 2B2g -
m o d e s a r e R a m a n a c t i v e a n d a p p e a r a t 1 5 8 1 c m-1 and 17 cm -1 . The low frequency mode is usually unobservable. The Raman data, recorded in the first-and second-order ranges, have been analysed in our previous paper [17] . Here we focus on a low frequency range which is silent for graphite or other diamond-like materials.
The features observed in this frequency range can be considered as good markers for specifying curved space geometry, related to fullerenes or carbon nanotubes. Those cannot be explained by the graphite structure. The sharp lines, seen in Figs. 5 and 6 at 464 cm -1 have been experimentally observed and theoretically established for the C70 fullerene [21, 22] . In Ref. [21] the high quality Raman spectra, obtained for the pure C70 samples, are shown. The peak at about 460 cm -1 has clearly the strongest intensity and remaining peaks have evidently lower intensities. It is essential to point out that this line appears for the saccharose carbon annealed at 1000°C, 1900°C, and 2300°C whereas for the anthracene carbon only at 1900°C and 2300°C. Moreover its intensity increases with heating temperature for the former and has lower intensity, which is practically temperature independent for the latter. We explain this feature by the formation of curved surfaces with a symmetry of C70 or higher fullerenes. The main difference between the investigated carbons is that the fullerene line is observed at 1000°C for the saccharose carbon and is not for the carbon prepared from anthracene. Therefore one can conclude that in the case of the non-graphitizing carbon such a preparation procedure and subsequent heat treatment at 1000°C can result in the formation of elements which are fullerene-like in the structure. At higher annealing temperatures this tendency is more evident. It is important to emphasise that we do not suggest the formation of complete fullerenes. Only fragments of them, containing five-membered rings, are expected to occur in the investigated samples. This suggestion can explain the presence of only the most intense line in the recorded Raman spectra. The curved elements may occur between graphene-like regions in the investigated materials, which have been suggested in Ref. [1] and named cross-links. The absence of the 464 cm -1 line for the anthracene carbon at 1000°C indicates that fullerene-like fragments are not formed. These conclusions are sup-ported by previously reported high-resolution electron microscopy studies, which also have provided evidence for the presence of curved surface elements [15] in the non-graphitizing carbon and their absence in the graphitizing carbon at early stage of heat treatment. When the annealing temperature increases, the 464 cm -1 line appears for the anthracene-based carbon but a proportion of fullerene-like fragments is apparently lower. All the Raman spectra shown in the present paper are expressed in the same scale and in the presented figures are shifted for clarity. Therefore comparison of them can directly be made in relation to the background line.
The features observed below 250 cm -1 for both carbons at 2300°C, shown in Figs. 7 and 8 , cannot be interpreted as the fullerene intramolecular modes [22] . The peaks at about 200 cm-1 , at about 145 cm -1 for both carbons at the excitation wavelength of 457.2 nm and in the range of 75-100 cm -1 are related to the Al g radial breathing mode, observed for carbon nanotubes [22, 23] . It has been found that the frequency of this mode depends on the diameter of the nanotube [23] [24] [25] . In order to test the validity of this suggestion we performed the additional Raman experiment using the 457.2 nm, 476.5 nm, 488.0 nm, and 514.3 nm laser excitation wavelengths. It is known that for nanotubes of the diameter as small as 2 nm the quantum size effect plays a role and shifts of the lines with the excitation wavelength due to resonant Raman scattering are expected. Such shifts can be seen in Figs. 7 and 8 . The estimated values of the nanotube diameter extend from 1 nm to about 2.2 nm, according to the plots reported in Refs. [23] [24] [25] . This is the range for which the above-mentioned effects are expected to appear. Resonant Raman scattering occurs when the energy of excitation is close to the energy of strong optical absorption electronic transitions. Such transitions are possible between the well-localised electronic density of states peaks, which occur in nanotubes of small enough diameter. The similar experiments have been performed for pure nanotubes and it has been shown that the energy difference between the well-defined densities of states of carbon nanotubes is comparable with the excitation energies used of the measurements [23] . The samples heated at 2300°C were selected for the measurements because their electrical conductivity approaches the value typical of graphite and therefore the presence of localised states resulting from disorder is ruled out. From these findings we conclude that nanotube-like fragments are also formed in the investigated carbons.
Conclusions
The performed X-ray diffraction and Raman scattering experiments have prompted us to suggest that fullerene-and nanotube-like elements with curved structures may be present in the well-known forms of carbon as the saccharose-and anthracene-based carbons. Such elements occur together with graphitic layers and can be regarded as two possible ways of arrangement of the carbon atoms during the pyrolysis and heat treatment processes. The formation of the curved structures can explain resistance of the saccharose carbon to graphitization because fullereneand nanotube-like elements are stable. In the case of the anthracene carbon these elements are formed at higher temperatures and in much lower proportions and cannot prevent graphitization. We suggest that their formation occurs near edges of the growing graphite crystallites in the form of folded graphene sheets which can reduce significantly the surface energy. This suggestion is based on the previous finding that the folded graphene sheets may be formed in carbons expressed to extreme conditions [11] . In summary, to answer the title question, it should be stated that the different properties of the final materials after heat treatment depend on the concurrent processes relating to the formation of flat graphite-like regions and curved fullerene-or nanotube-like fragments.
